In this work, we use a collection-type scanning near-field optical microscope to study the intensity distribution along the direction perpendicular to the interface, considering the interaction of the probe with the evanescent field of surface plasmon polaritons. A decrease of the signal is observed as the probe comes near to contact, as opposed to the expected single exponential increase. This effect is explained with a relatively simple semi-analytical model that takes into account the shape of the tip and the geometrical cutoff of the plasmonic mode. The proposed model confirm the presence of the intensity dip near the surface, as a result of the perturbation of the field caused by the probe.
Introduction
Scanning near-field optical microscopy (SNOM) is an imaging technique that is capable of detecting the signal of nonradiative (evanescent) electromagnetic fields [1] . Depending on the detection technique, SNOMs can be divided in two main categories: collection and scattering types. The scattering type, s-SNOM, usually consists of a tapered tip that is scanned over the sample of interest and oscillates at its resonance frequency. The tip, which can be coated or uncoated, scatters the optical near-field signal. The scattered light is proportional to the evanescent field, and the signal can be measured in a detector by using, for example, an objective lens [2] . In collection mode, the probe (usually a tapered optical fiber) is scanned over the sample of interest, and the evanescent field couples into the subwavelength-sized tip of the probe. The mode propagates along the tip and couples into the guided mode of the fiber. The other end of the fiber is connected to a detector to measure the transmitted signal [3] .
Surface plasmon polaritons (SPPs) are collective oscillations of the electrons in a metal at the surface of a metaldielectric interface [4] . The field associated to SPPs is evanescent, i.e. the field decays exponentially as it penetrates into the dielectric. There are several techniques to excite SPPs, such as prism coupling [5, 6] , gratings [7] , and subwavelength surface defects [8] , among others. One of the most used techniques consists of the Kretschmann configuration [5] . This technique uses the principle of total internal reflection to couple the evanescent field into SPPs, by tuning the magnitude of the wavevector by changing the angle of incidence. SNOM can be used to image the intensity distribution of SPPs. Nevertheless, the effect of bringing the tip to close proximity with the sample can modify the field itself perturbing it. Several studies have focused on the effect of the probe-sample interaction by considering the tip as a dipole [9] . This approach explains the local field distributions in the presence of the probe, but fails to predict the signal that is transmitted into a fiber in collection mode.
In this work, we use a collection type SNOM to measure the intensity decay along the direction perpendicular to the interface. A decrease of the signal is observed as the probe comes near to contact, as opposed to the expected single exponential increase. This effect is explained with a relatively simple approach that takes into account the shape of the tip and the geometrical cutoff of the metal-dielectric SPP mode. Our numerical simulations confirm the presence of the intensity dip near the surface, and the signal response for different geometries and parameters are calculated and analyzed.
Materials and methods

Experimental setup
The sample consists of a 70 nm thick gold film evaporated over a glass substrate. The sample is situated onto one of the faces of a 45°BK7 (n=1.512) prism using refractive index matching oil. The experimental setup is a usual configuration of the Kretschmann setup. To excite the SPPs, we use a Ti: Sapphire laser, tuned at a wavelength λ 0 =740 nm. The laser beam is focused into the sample using a lens of long focal length f=1 m, and the incidence angle is adjusted using a mirror ( figure 1(a) ). The reason to choose such a long focal distance is to generate a beam with a sufficiently large Rayleigh range, to consider it almost as a plane wave in the focus. The probes used in this experiments are tapered optical fibers, chemically etched using the Turner method [9] . The fibers have a radius of curvature of ∼150 nm, and a conical angle θ=20°. We use a power detector to measure the reflected light of the laser beam after passing through the prism to find the SPP resonance angle (∼42.8°). The laser light was modulated using a mechanical chopper, and the signal was detected using a femtowatt photoreceiver, which is connected to a lock-in amplifier.
The SPP penetration depth
The normal component of the electric field of an SPP that propagates in the x-direction along a metal-air interface can be described by
) is the propagation constant of the SPP mode, k 0 is the free-space wavevector, E 0z is the amplitude of the incident field, ε m is the dielectric functions of the metal, and k zi is the wavevector in the direction perpendicular to the interface (i=m, or d, into the metal and dielectric, respectively). One can solve the boundary conditions to find the expressions of each the normal wavevectors, k k ,
The distance, normal to the interface, where the field amplitude drops 1/e times is known as the penetration depth (a.k.a. decay length or skin depth), and can be expressed as δ i =1/|k zi |. In practice, detectors give a measurement of the intensity, so we define also an intensity penetration depth, where the intensity has dropped 1/e of its original value, given by γ i =1/|2k zi |. Using these equations, we find the field and intensity penetration depths into the dielectric, in an air-gold (ε m =-17+1.45i) interface at a wavelength λ 0 =740 nm. The field and intensity penetration depths are δ d =483 nm and γ d =241 nm ( figure 1(b) ).
SPP geometrical cutoff
In this section, we consider a four-layer system formed by glass, gold, air, and silica ( figure 2(a) ). The air gap has a thickness g, and is in the middle between the gold film of thickness t=70 nm, and a semi-infinite dielectric medium (n c =1.457). The substrate is also considered semi-infinite, and has a refractive index n s =1.512. We solve the four-layer system using a semi-analytical approach [10] , by finding the corresponding complex eigenvalues that satisfy the boundary conditions. Complementary information of four-layer plasmonic systems can be found in [11] [12] [13] . For sufficiently large air gaps (g>3λ), the gold-air mode is not affected by the presence of another medium, but as g decreases, the mode will necessarily disappear at some point, due to a mismatch of wavevectors in the Kretschmann configuration. The system is solved while varying the air gap thickness to determine the values for which the gold-air SPP mode exists ( figure 2(a) ). This eigenvalue problem consists in finding the complex effective refractive index n eff of the plasmonic mode. There are several possible solutions for this system, but in this section we will consider only the evolution of the solution of the mode associated to the gold-air SPP mode as the air gap is decreased, starting from g=3λ 0 to 0.5λ 0 (1220-370 nm). When the air gap gets smaller, the effective index decreases as a result of the presence of the approaching layer. The calculation shows that the real part of n eff decreases slowly in the interval from g=3 to 1.5λ 0 . For lower values of g, the SPP mode becomes leaky and has a cutoff value g c ∼0.8λ 0 (∼590 nm), i.e. for air gaps smaller than g c , it is not further possible to find a bound solution in the gold-air interface.
Results and discussion
Experimental results
The experiment consists of measuring the intensity decay along the direction normal to the interface of the gold-air SPP at a wavelength λ 0 =740 nm. The tip of the SNOM probe is positioned in the shear-force region (∼10 nm from the surface), and moved apart while simultaneously measuring the intensity of the signal. Instead of detecting an exponential decay, the measured signal showed an increase of the intensity as the probe was moved away from the surface within a range of ∼400 nm above the sample. After this point, the intensity reaches a maximum and then starts to decay (figure 3). This effect was observed in every repetition of the experiment. To verify this behavior, we changed the position where the laser was focused, and realigned the mirror which controls the angle of incidence, with no change of the experimental result. After the probe has been moved apart of the surface more than 1 μm, the signal shows a well-defined exponential decay. If we measure the penetration length neglecting the signal before 1 μm, we get a value of 287 nm, which is in good agreement with the theoretical prediction obtained in section 2.2. In this sense, we are confident that the detected signal corresponds to the near-field detection of SPPs. The intensity behavior below 1 μm, may be explained by the perturbation of the field caused by the probe. In the next section, we describe a model we developed to understand this phenomenon based on the influence of the presence of the tip, and the geometrical parameters, such as the radius of curvature and the conical angle of the fiber tip.
Numerical calculations and model
The proposed model considers that the gold-air SPP does not exist if the probe-sample distance is below the geometrical cutoff obtained in section 2.3. To get a smooth cutoff of the field distribution in space, and avoid unphysical singular 
as a smooth step function ( figure 2(b) ) [14] . The parameter ρ defines the smoothness, or slope, of the function, and α 0 is the position of the step. For our purposes, the position of the step is the cutoff value of the air gap (α 0 =g c ). The objective is to simulate the SPP field in the presence of the probe, considering the geometrical cutoff of the mode, to estimate the intensity of the signal as a function of the probe-sample distance. Bearing this in mind, it is evident that the shape of the tip influences how the signal is collected. We model the shape of the tip with a hyperbola described by
where h is the probe-sample distance of separation, and a and b are geometrical parameters that are related to the conical angle of the fiber as a=b tanθ, and to the radius of curvature R of the tip. Mathematically, is not possible to find a single radius of curvature of a hyperbola, so we use the approximation R=2( f−b), where f is the focus of the hyperbola defined as f 2 =a 2 +b 2 . Now, we can describe the transmitted power of the SPP field that couples into the fiber by integrating the intensity distribution of the projection of the normal component of the SPP field in the boundaries of the fiber, to get
assuming that the SPP field is invariant in the x-direction in the absence of the tip. The integral is solved numerically along the surface S, which is a hyperboloid of revolution obtained by rotating V around the z-axis. Integrating, we get a distribution of the transmitted power as a function of the probe-sample separation distance.
The obtained results show that the presence of the probe modifies the simple exponential decay that SPPs have in the normal direction to the interface (figure 4). The transmitted power does not have its maximum value when the probe is in contact with the surface, but near the value of g c . We performed the calculations varying g c , R, ρ, and θ to observe their effect in T(h) (figures 4(a)-(d)). All the combinations show slight differences in the behavior of the transmitted power before g c , but the dip is present in most of the cases. The situations that do not resemble the experimental result, occurs when the parameters differ far from the real tip (R=50 nm, and θ=40°). Also an excessive smoothening of the cutoff yields a different results, and the best fit is found for ρ=0.03. Using the obtained numerical results (ρ and g c ) and the proposed model, we can evaluate the z-component of the SPP field intensity in the xz plane to get a better visualization on how the tip modifies the field (figure 5). Figure 5 shows the intensity maps for different probe-sample separation distances, and is constructed considering the interaction of the probe with the SPPs by using the expression
When h is small (∼50 nm), the mode amplitude is strongly reduced below the tip (figures 5(a) and (d)), and the main contributors to the transmitted signal is due to the coupling through the lateral walls. As the probe is separated from the surface, the mode appears gradually and the transmitted power increases.
Conclusions
We have proposed a model to describe the SPP-probe interaction in a collection type SNOM, which explains the evolution of the measured signal as a function of the probe-sample separation distance. The calculated values of the model are in good agreement with the results obtained experimentally. The transmitted power of the SPPs coupled into the probe, has a strong dependence on the geometrical parameters of the tip, and we find that for some cases the maximum transmitted power is not measured when the tip is in contact with the surface, but close to the value of the geometrical cutoff. These results stress the importance of considering the interaction of the probe with the SPP field, and show how the perturbation depends on the separation distance, and on the shape and material of the probe. 
